As reported previously, neuraminidase activity cannot be demonstrated for M and SC strains of bovine parainfluenza 3 virus by the assay method with fetuin or N-acetylneuramin lactose as the substrate, whereas the enzyme activity is clearly shown for 910N, LT, and MR strains of the virus (7). M, SC, LT, and MR viruses are plaque-type variants isolated from a wild-type strain, and 910N virus is another wild-type strain (5, 7). M virus requires exogenous neuraminidase for its effective growth and plaque formation in MDBK cells, whereas the enzyme exhibits little effect on growth and plaque formation of 910N, LT, and MR viruses (7). However, SC virus, possessing no detectable neuraminidase activity like M virus, is affected much less markedly by exogenous neuraminidase; SC virus produces small clear plaques in the absence of the enzyme, but large turbid plaques in its presence, whereas the replication of SC virus is enhanced only a little by the enzyme (7). On the other hand, M virus, but not SC virus, induces extensive syncytial formation in MDBK cells (7). We observed that both M and SC viruses can replicate effectively and form plaques in R66 t Present address;
By a sensitive fluorometric assay method, we could definitely demonstrate neuraminidase activity for two variants of parainfluenza 3 virus, M and SC, which were previously shown to have no detectable neuraminidase activity. The enzyme activities of these viruses were very similar to each other, showing a much lower catalytic rate, a much higher Kn, value, and a more acidic pH optimum than those of the virus variants of high neuraminidase activity, 910N , LT, and MR. M and SC viruses eluted from guinea pig erythrocytes very poorly, whereas 910N and LT viruses eluted readily. M virus required the aid of a bacterial neuraminidase for effective growth and plaque formation in MDBK cells, but the virus grew well and formed plaques in R66 and Vero cells without the enzyme. SC virus required no exogenous neuraminidase for growth in all of these cell types. Depending on cell type, SC virus induced slight to extensive syncytial formation which was greatly inhibited by exogenous neuraminidase. In contrast, M virus induced extensive syncytial formation in all these cells regardless of the presence or absence of exogenous neuraminidase, although development and disintegration of the syncytia were more or less retarded by the enzyme, especially in MDBK cells. These results indicate that M virus possesses highly potent inducibility of syncytial formation which is further fortified by being low in viral neuraminidase activity.
As reported previously, neuraminidase activity cannot be demonstrated for M and SC strains of bovine parainfluenza 3 virus by the assay method with fetuin or N-acetylneuramin lactose as the substrate, whereas the enzyme activity is clearly shown for 910N, LT, and MR strains of the virus (7) . M, SC, LT, and MR viruses are plaque-type variants isolated from a wild-type strain, and 910N virus is another wild-type strain (5, 7) . M virus requires exogenous neuraminidase for its effective growth and plaque formation in MDBK cells, whereas the enzyme exhibits little effect on growth and plaque formation of 910N, LT, and MR viruses (7) . However, SC virus, possessing no detectable neuraminidase activity like M virus, is affected much less markedly by exogenous neuraminidase; SC virus produces small clear plaques in the absence of the enzyme, but large turbid plaques in its presence, whereas the replication of SC virus is enhanced only a little by the enzyme (7) . On the other hand, M virus, but not SC virus, induces extensive syncytial formation in MDBK cells (7) . We observed that both M and SC viruses can replicate effectively and form plaques in R66 t Present address; Department of Health and Human Services, Public Health Service. National Institute of Health. Bethesda, MD 20205. cells in the absence of exogenous neuraminidase as 910N virus. These facts suggest the possibility that M and SC viruses would possess low neuraminidase activity, although undetectable by the conventional assay methods, and that the enzyme activity of M virus would be much lower than that of SC virus, since the lower activity would account for the higher inducibility of syncytial formation as reported for mumps virus (2) and would be insufficient for M virus to release from MDBK cells. Another possibility is that M and SC viruses would possess neuraminidase of similar activity, whereas M virus would possess much higher syncytium inducibility than SC virus.
Recently, Myers et al. (3) developed a highly sensitive and simple assay method for neuraminidase with the 4-methylumbelliferyl-cx-ketoside of N-acetylneuraminic acid as a fluorescent substrate. The method was shown to be advantageous for determination of neuraminidases of influenza viruses (8) . These reports prompted us to reexamine the neuraminidase activity of our variants of parainfluenza 3 virus by this method. In parallel, we tried to characterize more clearly the syncytium inducibility of these viruses.
In this paper we describe the results of the test for neuraminidase activity of the plaque-type Virus adsorption and elution. Virus adsorption to and elution from guinea pig erythrocytes were studied with purified virus dialyzed at 4°C for 16 h against MEM containing 10% TPB (TPB-MEM). After dilution in TPB-MEM, 1.5 ml of the virus suspension was mixed with an equal volume of fresh guinea pig erythrocyte suspension in PBS on ice and shaken gently for 60 min. The ratio of erythrocyte number to virus infectivity was 3 x 109 cells per 3 x 107 PFU (excess erythrocyte condition) and 3 x 108 cells per 3 x 108 PFU (equivalent condition). At intervals, a 200-,ul sample of the mixture was removed, diluted with 9 volumes of TPB-MEM, and immediately centrifuged at 1,000 x g for 10 min. Unadsorbed virus in the supernatant fluid was measured by plaque counting. After adsorption for 60 min, the erythrocytes were sedimented by centrifugation at 750 x g for 5 min, suspended in the original volume of TPB-MEM, and shaken at room temperature (23°C). After 60 min and 16 h, 500 p.1 of the suspension was removed, diluted with 2 volumes of TPB-MEM, and centrifuged at 1,000 x g for 10 min. The supernatant fluid was assayed for infectivity. The input virus minus the unadsorbed virus at the end of adsorption was taken as the total virus adsorbed to the erythrocytes.
Hemagglutination. Hemagglutination was assayed by the pattern method in microtiter plates with a 1% suspension of fresh guinea pig erythrocytes in PBS. In some experiments erythrocytes were treated with 910N virus as follows. A 1-ml sample of 10,000 hemagglutinin units of purified 910N virus in PBS containing 1 mM Ca"+ (Ca-PBS) was mixed with 2 ml of 10% fresh erythrocyte suspension in Ca-PBS and shaken gently for 30 min on ice. Then 2 ml of Ca-PBS was added, and the mixture was shaken at room temperature overnight. The erythrocytes were pelleted by centrifugation at 750 x g for 10 min and washed three times with PBS.
Cell fusion. MDBK cells were monodispersed by trypsin and suspended in MEM at a concentration of 106 cells per 0.4 ml. Purified viruses diluted in MEM to a concentration of 10 p.g/0.4 ml were completely inactivated with irradiation by a 15-W UV lamp at a distance of 10 cm for 2 min. A 0.4-ml sample of cell suspension was mixed with the same volume of irradiated virus. The mixtures were shaken in an ice bath for 20 min and then incubated at 37°C for 60 min with gentle shaking. The mixtures were diluted with 8 ml of 5% calf serum-MEM, seeded onto four-chamber culture slides (Lab-Tek Products, Napervilla, Ill.) (0.5 ml per chamber), and incubated at 37°C overnight. After fixation with methanol-acetic acid (3:1), the cells were stained with Giemsa solution and examined microscopically. The 910N virus neuraminidase showed the highest activity at pH 5.1 and exhibited a fairly high activity at pH 5.7 . In contrast, the neuraminidase activity of M and SC viruses exhibited a peak at pH 4.5, was slightly reduced at pH 5.1, and was much reduced at pH 5.7 (Fig. 1) . The pH profile of LT and MR virus neuraminidases was quite similar to that of 910N neuraminidase (Table 1) .
To determine the catalytic rate of viral neuraminidase at optimal pH, the amount of liberated 4-methylumbelliferon from the substrate was plotted against the incubation time at 37°C. The amount of the hydrolyzed substrate was in direct proportion with the incubation time (Fig. 2) These observations clearly indicate that M and SC virus neuraminidases are very similar in their biochemical properties, but different from 910N, LT, and MR virus neuraminidases.
As described above, the M virus preparations were obtained from virus propagated in MDBK cells in the presence of type V neuraminidase from C. perfringens. There were clear differences in the optimal pH, catalytic rate, and Km value between M virus neuraminidase and type V neuraminidase (Table 1) . Moreover, 0.25% Triton X-100 included in the reaction mixture of the neuraminidase assay inhibited viral neuraminidase activity significantly, but enhanced the activity of type V neuraminidase (Table 2) . Furthermore, purified M virus preparations obtained from R66 cells as well as primary monkey kidney cells in the absence of exogenous neuraminidase showed the same characteristics of neuraminidase activity as those described above for M virus neuraminidase (data not shown). These findings exclude the possibility that the neuraminidase activity demonstrated for M virus was due to the type V neuraminidase contaminating the virus preparations.
Adsorption and elution pattern of viruses. Previously we showed not only the neuraminidase activity but also the hemagglutinating activity of M and SC viruses to be markedly lower than those of 910N and LT viruses (7) . We therefore examined the adsorption as well as elution pattern of these viruses. Purified virus was allowed to adsorb to fresh guinea pig erythrocytes on ice in excess erythrocyte and equivalent conditions and then to elute from the erythrocytes at room temperature (23°C). The ratios of erythrocyte number to the virus amount were 100 and 1 per (Table 5) .
In MDBK cells SC and 910N viruses showed high virus yields that were not influenced by exogenous neuraminidase. On the other hand, M virus required exogenous neuraminidase for its effective growth. These results confirm the previous results (7) .
In R66 cells M virus and SC and 910N viruses readily multiplied, and their growth was independent of exogenous neuraminidase. The yield of M virus was not affected by type V neuraminidase.
In Vero cells the growth of M, SC, and 910N viruses was not affected by type V neuraminidase, although yields of M and SC viruses were low as compared with that of 910N virus.
M virus could form clear plaques in R66 and Vero cells without the aid of exogenous neuraminidase. This is a striking contrast to the previous observation that in MDBK cells the exogenous neuraminidase is needed for the plaque formation of this virus (7) . The plaque titer of M virus obtained in R66 and Vero cells in the absence of exogenous neuraminidase was almost the same as that in MDBK cells in the presence of the enzyme. However, there was a distinct difference between R66 and Vero cells in the plaque formation of M virus in the presence of exogenous neuraminidase. In Vero cells M virus plaques became smaller and turbid in the presence of type V neuraminidase, and the plaque number decreased by 50% or more, whereas the enzyme exerted no such effect on plaque morphology and plaque number of M virus in R66 cells (Fig. 3) (Fig. 4) Cytopathic effects of the viruses in Vero cells differed from those in MDBK and R66 cells (Fig.  4) . SC and 910N viruses induced syncytial formation of low grades. At 48 h postinfection a few small syncytia containing no more than 20 nuclei were observed. The syncytial formation of SC and 910N viruses was completely abolished by type V neuraminidase. M virus induced syncytia in Vero cells regardless of the presence or absence of the enzyme. However, even in the absence of the enzyme, syncytia developed much more slowly than those in MDBK and R66 cells. At 48 h postinfection a small number of syncytia containing 30 to 50 nuclei were observed, and it took several days for these syncytia to fuse into a giant syncytium. Type V neuraminidase retarded the development of the syncytia.
Effects of neuraminidases from different sources on M virus in MDBK cells. Growthenhancing and plaque-forming effects of type V neuraminidase from C. perfringens on M virus were demonstrated only in MDBK cells among the cell types examined. We examined these effects for neuraminidases from different sources. The enzymes tested were preparations from V. cholerae, Streptococcus sp., and A. ureafaciens. All of the enzymes were tested at a concentration of 0.003 U/ml and were shown to enhance yields and to enable plaque formation and to reduce cytopathic effects of M virus in MDBK cells.
Cell fusing activity of viruses. As the difference in syncytium inducibility was marked among the viruses, they were estimated for activity of cell fusion from without. Samples (10 jug) of purified and UV-irradiated virus were mixed with suspensions of 106 MDBK cells, and the mixtures were subjected to the cell fusion procedures. Numbers of cell nuclei (A) and numbers of cells (B) were counted, and the degree of cell fusion was expressed as a fusion index, i.e., [(A -B) x 100]IB. About 2,000 nuclei were counted for each estimation. The fusion indexes were 97, 109, and 193 for M, SC, and 910N viruses, respectively, indicating that all the viruses have distinct cell fusing activity for MDBK cells.
DISCUSSION
In the previous study (7) we could not demonstrate neuraminidase activity for M and SC viruses even though a large sample of purified virus was used for the assay. In the present study a more sensitive fluorometric assay method could clearly demonstrate the enzyme activi- As previously reported (7), M and SC viruses show lower hemagglutinating activity for guinea pig erythrocytes than did 910N and LT viruses. However, the erythrocytes were shown to adsorb M and SC viruses as readily as 910N and LT viruses. Coinciding with the level of neuraminidase activity, on the other hand, M and SC viruses eluted very poorly from the erythrocytes, whereas 910N and LT viruses readily eluted, although the receptor for M and SC hemagglutinin on the surface of the erythrocytes seems not to differ from that for 910N hemagglutinin.
These findings indicate that there is virtually no difference between M and SC viruses in the biological and biochemical properties of their low neuraminidase activity. The essential role of viral neuraminidase has been shown to be mediation of virus release from infected cells, as evidenced for influenza virus (4). The low neuraminidase activity of M and SC viruses seems fundamentally sufficient for the viruses to release from infected cells, since viruses in culture fluids of R66 and Vero cells attained fairly high titers and were not affected by exogenous neuraminidase. However, the enhancing effect of exogenous neuraminidase on the growth of M virus in MDBK cells was impressive, but that on SC virus was much less marked. The idea that exogenous neuraminidase may activate M virus grown in MDBK cells is not adequate, since the virus propagated in MDBK cells under one-step growth conditions in the absence of the enzyme shows the cleaved form of glycoproteins, and the treatment of the virus preparation with the enzyme does not result in enhancement of infectivity of the virus (7) . Therefore, the question is why M virus neuraminidase cannot contribute to effective virus release from MDBK cells.
Another characteristic feature of M virus is its inducibility of extensive syncytial formation in MDBK, R66, and Vero cells. The addition of exogenous neuraminidase did not inhibit syncytial formation itself, but retarded more or less the development and degradation of the syncytia induced by M virus. These effects of exogenous neuraminidase were dramatic in MDBK cells, but were not obvious in R66 cells. These observations can be summarized as follows. There are two phases in syncytial formation of parainfluenza 3 virus, the neuraminidase-sensitive phase and the neuraminidase-insensitive phase. Both phases concern syncytial formation of M virus, whereas only the neuraminidase-sensitive phase contributes to that of SC and 910N viruses.
In MDBK cells, M virus neuraminidase is insufficient for both virus release and inhibition of the neuraminidase-sensitive phase, and the expression of both phases results in extensive syncytial formation. Therefore, the inhibitory effects of exogenous neuraminidase on the syncytial formation is marked, but far from complete. The limited neuraminidase activity of SC virus is sufficient for virus release, but insufficient for the inhibition of the neuraminidasesensitive phase, resulting in moderate syncytial formation. The high neuraminidase activity of 910N virus is effective for both virus release and inhibition of neuraminidase-sensitive phase, resulting in no syncytial formation.
In R66 cells, which readily form syncytia, the neuraminidase activity of all these viruses is sufficient for virus release, but not effective for inhibition of the neuraminidase-sensitive phase of syncytial formation. Therefore, exogenous neuraminidase is required to abolish syncytial 
